The relationship of changes in cardiovascular and renal hemodynamic function to sodium excretion has been studied following daily hemorrhage in dogs with pulmonic stenosis and in normal dogs. The animals with pulmonic stenosis developed signs of right heart failure, but the normal dogs failed to show evidence of cardiac decompensation during the course of the anemia. The two most striking differences in the responses of the 2 groups of dogs were the increase in mean right atrial pressure and the occurrence of sodium retention, both of which were observed only in the dogs with pulmonic stenosis. The increase in cardiac output and the renal functional changes were similar in the 2 groups of animals; glomerular filtration rate was unchanged or increased in the majority of dogs with pulmonic stenosis and heart failure.
The relationship of changes in cardiovascular and renal hemodynamic function to sodium excretion has been studied following daily hemorrhage in dogs with pulmonic stenosis and in normal dogs. The animals with pulmonic stenosis developed signs of right heart failure, but the normal dogs failed to show evidence of cardiac decompensation during the course of the anemia. The two most striking differences in the responses of the 2 groups of dogs were the increase in mean right atrial pressure and the occurrence of sodium retention, both of which were observed only in the dogs with pulmonic stenosis. The increase in cardiac output and the renal functional changes were similar in the 2 groups of animals; glomerular filtration rate was unchanged or increased in the majority of dogs with pulmonic stenosis and heart failure. D URING a previous study 1 of experimental right heart failure secondary to progressive pulmonic stenosis, a spontaneous anemia occurred in 2 dogs. Although the anemia resulted in increased cardiac output, cardiac decompensation became increasingly severe. This progression of events in heart failure included a further rise in mean right atrial pressure (RAP) and was associated with continued marked sodium retention. These observations suggested that it might be possible to determine the sequence of changes which leads to sodium retention in both low and high output failure by additional studies during the development of high output failure and by subsequent comparison of the data with the findings in low output failure. 1 Accordingly, an attempt was made to produce high output failure of the right ventricle by daily bleeding of dogs with pulmonic stenosis. The relationship of cardiovascular and renal hemodynamic function to sodium excretion was studied during the production of anemia in a group of dogs with pulmonic stenosis and in a group of normal dogs. Studies of the normal animals provided control data and also furnished observations on the effect of anemia per se on the renal excretion of sodium.
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METHODS
Studies were conducted on 13 female mongrel clogs weighing 15-20 Kg. In 7 of the animals the main trunk of the pulmonary artery was constricted by a method described previously. 1 The degree of pulmonic stenosis produced was sufficient to result in an increase in RAP from the normal range of 10-70 mm. water to 90-135 mm. water but was not enough to cause chronic cardiac failure with sodium retention and ascites formation. The other 6 dogs were normal before hemorrhage.
The experimental design consisted of observations during a control period and during a bleeding period. All the dogs were in sodium balance before bleeding was begun. Both groups of animals were bled 15-25 ml./Kg. daily until a severe anemia (2.4-6.1 Gm. per cent of hemoglobin) developed. The blood removed was replaced immediately with the same volume of normal saline so that net sodium intake was not reduced by bleeding.* Studies of cardiovascular and renal hemodynamic function during the hemorrhage period were made immediately prior to the daily bleeding. All functional studies were performed on unanesthetized dogs in the postabsorptive state. On each day that renal hemodynamic function was measured, three determinations of the renal clearance of creatinine (CR) and para-aminohippurate (PAH) were made.
The animals were kept in metabolic balance cages except during experimental procedures. Once a day the dogs were fed a constant amount of synthetic diet containing .6 Gm./Kg. body weight of nitrogen, 60 mEq. of sodium and 17.6 mEq. of potassium; daily sodium and potassium balance studies were conducted. All chemical methods and experimental procedures not described have been reported elsewhere. 1 ' Cp 7
RESULTS

High Output Failure of the Right Ventricle
Five of the 7 dogs with pulmonary artery constriction developed signs of right-sided congestive heart failure following hemorrhage. In 4 of the 5 dogs, hemoglobin fell to 4.5 Gra. per cent or below before cardiac failure occurred. Evidence of right heart failure included (1) a progressive elevation in RAP, (2) marked sodium retention and ascites formation, (3) enlargement and congestion of the liver, and (4) right atrial and ventricular enlargement. In 1 of the 2 dogs that failed to develop cardiac decompensation, RAP increased from 95 to 140 mm. water coincident with a fall in hemoglobin to 7.0 Gra. per cent; further bleeding resulted in a fall in RAP, a very low arterial pressure and signs of shock. In the other dog, death occurred following one of the daily bleedings before an appreciable degree of anemia developed.
Cardiac output increased during chronic hemorrhage, and the level of output was high at the onset of failure. The high cardiac output observed in the dogs with cardiac decompensation secondary to bleeding is compared ( fig. 1 ) with the low cardiac output of dogs with heart failure produced by progressive pulmonic stenosis. 1 The range of the elevated RAP was essentially the same for the dogs with a low output as for the animals with a high cardiac output.
The clinical course of right heart failure produced by daily hemorrhage is shown for dog 2 in figure 2. After removal of 900 ml. of blood, RAP increased and sodium retention occurred. Cardiac decompensation became so severe on the eighth day of the study that a 500 ml. blood transfusion was given as a life-saving measure. This resulted in improvement as shown by a temporary drop in RAP. On the eleventh day, however, marked tricuspid regurgitation developed and a further increase in RAP occurred. The animal was given another 500 ml. blood transfusion and was digitalized. A fall in RAP resulted and during the next few days a striking natriuresis occurred. While the dog was maintained on digoxin (1 mg./day), removal of 650 ml. of blood was sufficient to result in cardiac decompensation again.
In dog 5 also, 1.5 mg. of digoxin were given to determine the response of an anemic animal in heart failure to a digitalis glycoside. The hemoglobin was 4.9 Gm. per cent. Digoxin produced a drop in RAP from 202 to 155 mm. of water and a slight increase in sodium excretion.
Comparative Cardiovascular and Renal Hemodynamic Effects of Hemorrhage
The cardiovascular responses to bleeding were similar in the 2 groups of dogs except for the change in RAP. A striking increase in RAP occurred in dogs with pulmonary artery constriction whereas RAP was unchanged in normal dogs. The slightly elevated mean RAP present in dogs with pulmonic stenosis before bleeding increased markedly in association with values of hemoglobin below 6.8 Gm. per cent. Cardiac output increased to a similar extent in the normal dogs and in the animals with pulmonic stenosis (fig 3) .* Also, calculations of oxygen transport to the tissues (cardiac output in L./min. X arterial oxygen content in cc./L.) showed a similar decrease with the fall in hemoglobin concentration in the 2 groups of animals. The fall in mean femoral arterial pressure was essentially the same in the 2 groups of dogs (Table 1) .
In contrast to the consistent cardiovascular responses among the dogs, the changes in renal hemodynamics were variable (table l).f In the normal dogs, C C R increased progressively with the decline in the concentration of hemoglobin in dogs 4 and 5, but in the remaining animals * To conserve space, data supplementary to this article have been compiled in the form of a table and will be sent on a mimeographed sheet to the reader upon request.
t It is recognized that the renal clearance of PAH may not be an accurate measure of renal plasma flow during severe anemia because of a reduction in PAH extraction. 8 It should be pointed out, however, that the observations of Kinter and Pappenheimer 8 are limited to acute changes in red blood cell concentration in anesthetized animals. Warren, Brannon and Merrill 0 in studies of 2 unanesthetized patients with chronic anemia and Whitaker 1 0 from observations on 1 unanesthetized patient with chronic anemia reported normal extraction ratios for PAH. * Values obtained during cardiac failure; sodium excretion was 10 mEq./day or less.
CCR was so variable that a directional change was not discernible. The renal clearance of PAH increased in 4 of 6 normal dogs but was unaltered in the other 2 normal animals. In the dogs with pulmonic stenosis, C O R was unaltered or increased slightly in all but 1 animal (dog 2), in which a progressive decline in glomerular filtration was observed. CPAH increased in 4 of the 5 dogs with pulmonary artery constriction; no change occurred in the remaining animal.
Renal Sodium Excretion During Hemorrhage and Its Relation to Other Functional Changes
In the normal dogs, renal sodium excretion varied from 33 to 92 mEq./day during the hemorrhage period; saline was given to replace blood removed so that sodium intake was constant. The variation in daily sodium excretion was greater during the bleeding period than during the control period. Nevertheless, the dogs remained in sodium balance for the entire period of hemorrhage and no progressive changes in sodium excretion occurred in either direction.
In the dogs with pulmonic stenosis, renal sodium excretion varied during the hemorrhage period from 20 to 87 mEq./day before the onset of ascites formation. Thereafter, the urinary output of sodium was uniformly low (10 mEq./ day or less) during cardiac failure.
The relation of changes in cardiac output, arterial pressure, RAP, C CB , C PA H, and plasma proteins to renal sodium retention has been presented (table 1, fig. 3 , and data available on request). The functional change that was strikingly different in the 2 groups of dogs was the marked increase in RAP which occurred only in dogs with pulmonic stenosis and was associated with almost complete renal retention of sodium. Ascites formation was not observed with a RAP below 135 mm. water, and all pressures in the right atrium above 165 mm. water were associated with sodium retention and ascites formation.
DISCUSSION
Signs of right-sided congestive heart failure occurred after severe daily hemorrhage in dogs with pulmonic stenosis. Several hundred milliliters of blood were removed and hemoglobin fell to 5.3 Gm. per cent or below before cardiac decompensation was consistently present among the animals. The progressive rise in RAP in the dogs with pulmonic stenosis was an indication of failure of the right ventricular myocardium. The response to digoxin was another indication of myocardial failure. 11 In contrast, the normal dogs failed to show evidence of heart failure even with a hemoglobin as low as 2.4 Gm. per cent.
There are conflicting reports on the effect of chronic anemia on RAP in apparently otherwise normal patients and in normal experimental animals. In patients with chronic anemia, Sharpey-Schafer 12 reported an elevated venous pressure in more than 50 per cent of the cases and considered that anemia per se resulted in cardiac decompensation. His findings are in contrast to those of Brannon and co-workers 13 who found a normal RAP in patients with chronic anemia. The striking difference in the 2 groups of patients is that the cases of Sharpey-Schafer ranged in age from 35-77 years with a mean of 60 years while those of Brannon and associates were young (average age was 34 years). Since many of the patients of Sharpey-Schafer were elderly, the presence of coronary artery disease might explain the development of myocardial insufficiency during severe anemia.
From observations on the effect of chronic hemorrhage in otherwise normal dogs which were anesthetized at the time of the functional studies, Hatcher and co-workers 14 reported a slight elevation in RAP but the increase was not a consistent finding. Also, Smith and Simmonds 16 reported an increase in RAP following hemorrhage in unanesthetized normal rabbits. In contrast, the present studies in unanesthetized normal dogs show that RAP remained unchanged even in the presence of a very severe anemia. The different results in dogs are probably attributable to the different experimental conditions. A species difference in response to chronic anemia may explain the elevation in RAP observed in unanesthetized rabbits but not in unanesthetized dogs.
The present findings of the effect of chronic anemia on the renal clearances of CR and PAH differ from those reported previously for renal function in a group of anemic patients by Bradley and Bradley 16 and for 2 anemic dogs by Paterson. 17 In the present study, a definite increase in C PA H occurred in 8 of the 11 dogs; the changes in CCK were variable. The low renal function observed in some of the anemic patients of Bradley and Bradley may have been attributable to the old age of these patients; one third of their patients were more than 60 years of age. Also, in the patients of Bradley and Bradley intrinsic renal disease must be considered in the cases in which renal function was below normal after correction of the anemia. The degree of chronicity of the anemia may be another factor which contributed to the observed differences in results. The anemia produced in the present study was more acute than that reported by Paterson in dogs and by Bradley and Bradley in patients.
The relation of chronic anemia to the renal excretion of salt and water has been studied previously in man. Strauss and Fox 2 reported that anemic patients given loads of saline or sodium bicarbonate and water showed water retention in an inverse relation to the level of hemoglobin. They concluded that anemia per se causes water retention. In contrast, Brannon and associates 13 and Bradley and Bradley 16 did not report the occurrence of edema in patients with chronic anemia. Four of the 10 chronically anemic patients of Whitaker had peripheral edema but all 4 patients had elevated venous pressure and congestive heart failure. The present data in the dog are in agreement with these latter reports; sodium and water were not retained even at very low hemoglobin levels unless venous pressure was elevated. It should be emphasized, therefore, that water retention in anemic but otherwise normal man has been reported only during administration of large loads of saline or sodium bicarbonate and water. Similar loading experiments have not been reported from studies of anemic dogs.
From the present observations the only striking differences which were observed between the 2 groups of dogs in their responses to hemorrhage were the increase in RAP and the associated reduction in renal sodium excretion. These changes occurred only in the dogs with pulmonic stenosis. The data suggest a causal relationship between venous hypertension and sodium retention by the kidney. Another possibility which has been suggested 18 to explain the symptoms and signs in high output failure is that the cardiac output, although high, is inadequate to meet "body needs." It has been proposed 18 ' 19 that a lowered glomerular filtration rate or renal plasma flow results in sodium and water retention in high output failure as well as low output failure. It is suggested that such a mechanism was not operative in the dogs with high output failure of the present study since the CCR was unaltered or increased slightly and C PAH was increased in the majority of the dogs with heart failure. It should also be pointed out that although the decrease in oxygen transport to the tissues as a result of anemia was as great in the normal dogs as in the dogs with pulmonic stenosis, sodium retention occurred only in animals with pulmonic stenosis.
The factor common to dogs with low and with high output failure was elevated venous pressure. In both types of heart failure, sodium retention and ascites formation were observed only in the presence of a high venous pressure (above 145 mm. water for low output failure 1 and above 135 mm. water for high output failure). A high hydrostatic pressure favors movement of fluid and electrolytes from the vascular bed into the tissue spaces. There are numerous observations (see review of Laragh) which show that renal sodium excretion is reduced in association with the extravasation of fluid and electrolytes from the blood stream. Recently, it was demonstrated 21 that ascites formed in the absence of sodium intake, presumably as a direct result of a high hydrostatic pressure; fluid was transferred to the peritoneal cavity from the remainder of the extracellular fluid. These changes were accompanied by increased aldosterone excretion in the urine and marked conservation of sodium by the kidney. These previously reported findings and the present observations lend support to the concept of "backward failure." Venous hypertension appears to initiate the sequence of events resulting in renal sodium retention in dogs with right-sided congestive heart failure.
SUMMARY
The effect of chronic hemorrhage on cardiovascular and renal hemodynamic function and on sodium excretion has been studied in dogs with pulmonary artery constriction and in normal dogs. Five of the 7 dogs with pulmonic stenosis developed signs of right heart failure, but no evidence of cardiac decompensation was observed in normal dogs made severely anemic. Mean RAP increased from 90-135 to 135-250 mm. water in the dogs with pulmonary artery constriction whereas RAP remained unaltered in the anemic but otherwise normal animals. Sodium retention and ascites formation occurred only in dogs with pulmonic stenosis; these changes were associated with a RAP of 135 mm. water or above. Cardiac output increased to a similar extent in the two groups of animals. In the dogs with pulmonic stenosis, C C R was unaltered or slightly increased in all but one animal; CPAH increased in 4 of the 5 dogs. Similar renal functional changes occurred in the normal animals. It is concluded that the most striking and most consistent differences between the two groups of animals in their responses to bleeding were the effects on RAP and sodium excretion; RAP increased and sodium retention occurred only in dogs with pulmonic stenosis. ACKNOWLEDGMENTS We are grateful to Donald Arnold, Lala Mathers Dunbar and Audrey Jackson for technical assistance.
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SUMMARIO IN INTERLINGUA
Le effecto de chronic hemorrhagias super le functiones hemodynamic del systema cardiovascular e del ren e super le excretion de natrium esseva studiate in canes con constriction del arteria pulmonar e in canes normal. Cinque del 7 canes con stenosis pulmonic disveloppava signos de disfallimento dextero-cardiac, sed nuUe indicio de discompensation cardiac esseva observate in canes normal que habeva essite rendite severmente anemic. Le pression dextero-atrial medie accresceva ab inter 90 e 135 mm de aqua usque a inter 135 e 250 mm de aqua in le canes con constriction del arteria pulmonar durante que ille pression remaneva inalterate in canes anemic sed alteremente normal. Le retention de natrium e le formation de ascites occurreva solmente in canes con stenosis pulmonic. Iste alterationes esseva associate con un pression dextero-atrial de 135 mm de aqua o plus. Le rendimento cardiac accresceva a simile grados in le duo gruppos de animales. In le canes con stenosis pulmonic, le clearance de CR esseva inalterate o levemente augmentate in omne animales con un exception. Le clearance de acido para-aminohippuric accresceva in 4 ex 5 canes. Simile alterationes del function renal occurreva in le animales normal. Es concludite que le plus frappante e le plus uniforme differentias inter le duo gruppos de animales in lor responsa a hemorrhagias esseva le effectos super le pression dexteroatrial e le excretion de natrium. Le prime cresceva e le secunde revelava retention del electrolyte solmente in canes con stenosis pulmonic.
